measured for the whole period (k IG ) as well as from only two samples taken at baseline and after 10 min (k 10 ). Results. Eight non-diabetic haemodialysis patients (three females) with a dry body mass of 76.9 ± 18.2 kg completed the study. I G was 5.4 ± 4.4 U/mol and not different from normal reference values. A linear relationship providing characteristic slopes k IG was observed between arterial insulin and glucose levels. k IG was 6.1 ± 5.0 U/mol and not different from k 10 = 5.9 ± 4.8 U/mol measured after 10 min of glucose infusion and ongoing dialysis. I G , k IG and k 10 were highly correlated (P < 0.0001), and k 10 showed substantial concordance (ρ c = 0.99) with I G . Moreover, I G , k IG and k 10 were independent of K OCM or K I . Conclusions. The insulin to glucose relationship is measurable within 10 min of glucose administration and unaffected by extracorporeal clearance. This could be helpful to characterize the insulin response to a glucose stimulus during haemodialysis.
Abstract Background. The aim of this study was to analyse whether the insulin to glucose relationship following an intravenous glucose load in non-diabetic patients delivered during haemodialysis was affected by extracorporeal clearance and whether this relationship could be determined by an abridged sampling protocol.
Methods. Studies were done during routine haemodialysis following the infusion of 0.5 g glucose per kilogram body mass. Extracorporeal effects were measured by online clearance (K OCM ) and insulin clearance (K I ). The insulin to glucose relationship was examined for a period of 1 h following the infusion of glucose. The integral response measured as the insulinogenic index (I G ) was compared
Insulinogenic index during haemodialysis 3365
to the relationship between insulin and glucose concentra
Introduction
Impaired glucose control is a major feature of today's endstage renal disease population, both because of reduced peripheral glucose utilization, impaired insulin secretion and reduced insulin degradation [1] . These issues are considered to play a major role in the high morbidity and mortality of haemodialysis patients [2] . An important question in this regard is the identification of impaired insulin secretion and the control of glucose levels [3, 4] . There are well-established techniques to identify reduced peripheral glucose utilization (insulin resistance) and various patterns of impaired insulin secretion (β-cell exhaustion) [5] [6] [7] . However, these techniques require considerable effort, time and resources. On the other hand, the maintenance haemodialysis patient spends much time on the dialysis machine, and the question arises, whether this time together with the extracorporeal equipment and the direct access to the circulation could be used for the purpose of identifying important characteristics of the patient's glucose-insulin system. Glucose is a small molecule, easily dialysed and a component of standard dialysate [8] [9] [10] . Therefore, one would assume that the glucose-insulin system is affected by haemodialysis. The aim of this study was to analyse whether extracorporeal clearance was an important confounder when estimating the insulin response to a glucose stimulus and to propose an abridged test to identify the insulin response in patients during their regular haemodialysis treatment.
Materials and methods

Patients
Studies were done in stable and non-diabetic maintenance haemodialysis patients during a regular mid-week treatment and repeated the following week. Patients with recent signs of infection or inflammation such as fever or elevated C-reactive protein levels were excluded from the study. Patients provided written informed consent to participate in the study approved by the Internal Review Board of the Medical University of Graz.
Protocol
Patients were asked to refrain from eating and drinking for more than 3 h prior to starting haemodialysis and for the duration of the test. Bicarbonate dialysis was delivered using a 4008H dialysis machine (Fresenius Medical Care, Schweinfurt, Germany) with an online measurement of effective clearance (K OCM ). The composition of dialysate was 134-138 mmol/L for Na + , 32-34 mmol/L for HCO 3 − , 1-4 mmol/L for K + depending on pre-dialysis plasma K + concentration, 1.25 mmol/L for Ca 2+ , 0.75 mmol/ L for Mg 2+ and 5.5 mmol/L for glucose. Dialysate flow was 500 mL/min. Dialysate temperature was set to 36°C to reduce heat accumulation [11] , and ultrafiltration rate was set at a constant rate as prescribed. Approximately 30 min after having started haemodialysis, at time t = 0, the infusion of a 33% solution of glucose into the venous drip chamber of the extracorporeal circulation at a constant rate of 1 mL/s (Angiomat 6000, Liebel-Flarsheim, Cincinnati, OH, USA) was started. The infusion volume was chosen to deliver a glucose load of 2.78 mmol per kg dry body mass (= 0.5 g/kg). Blood samples were taken from the arterial blood line at t = −30, −15, 0, 6, 10, 14, 20, 30, 40 and 60 min. Plasma was separated by centrifugation and split into aliquots for immediate analysis of glucose or stored at −70°C until analysed for insulin concentration.
Glucose was measured by an amperometric detection of H 2 O 2 released by glucose oxidase (cobas b221, Roche Diagnostics, Graz, Austria). The reproducibility of repeated glucose measurements assessed by Bland-Altman analysis was better than 0.01 ± 0.1 mmol/L. Plasma insulin concentrations were measured by a two-site enzyme immunoassay (DRG Insulin ELISA EIA-1825, DRG Instruments GmbH, Marburg/Lahn, Germany). The reproducibility of repeated insulin measurements assessed by Bland-Altman analysis was better than −0.2 ± 3 mU/L. Glucose and insulin concentrations were corrected for plasma water content of 93%. Creactive protein was measured by a low sensitivity turbidimetric test. Arterial blood pressures and heart rate were derived from the arterial pulse wave measured at the level of the digital artery using the Finometer (Finapres Medical Systems, Arnheim, The Netherlands) and calibration to brachial pressures using the standard arm-cuff technique.
Data analysis
The insulinogenic index (I G , in U/mol) was obtained as the insulin response relative to the glucose stimulus over the observation phase of 1 h as defined by Seltzer et al. [12] 
where A I (in U/L.min) and A G (in mol/L.min) refer to insulin and glucose areas under the curve, respectively. A I and A G were computed by trapezoidal integration of the time course of arterial line insulin and glucose concentrations between t = 0 and t = 60 min and subtraction of the respective baseline values. The response of the insulin secretory system to the glucose stimulus was also measured by the slope (k IG , in U/mol) of the linear regression line of plasma insulin (c I ) upon plasma glucose (c G ) concentrations in each subject, 
The homeostasis model assessment (HOMA) index was calculated as fasting glucose (in mmol/L) times fasting insulin (in mU/L) divided by 22.5.
The relationship between different variables as well as the relationship between identical variables obtained in subsequent measurements was examined by linear regression analysis and by ANOVA. Agreement between different measures of insulinogenic index was determined by the concordance correlation coefficient (ρ c ) according to Lin [13, 14] . A probability P < 0.05 was considered significant to reject the null hypothesis. Data are presented as means ± standard deviation (SD). ) of the insulin to glucose relationship; k 10 , change of insulin relative to change in glucose at t = 10 relative to baseline. r, correlation coefficient; ±95%, confidence interval; P, probability; ρ c , concordance correlation coefficient; I G , insulinogenic index; M b , body mass; BMI, body mass index; K OCM , online clearance; K I , insulin clearance; k IG , slope of the insulin to glucose relationship; k 10 , change of insulin relative to change in glucose at t = 10 relative to baseline; n.s., not significant. 
Results
Eight patients (Table 1) , three of them female, completed two subsequent studies so that 16 studies were available for the final analysis. Treatment characteristics are summarized in Table 2 . Mean baseline plasma glucose and insulin concentrations were 5.9 ± 0.9 mmol/L and 14.7 ± 15.9 mU/L, respectively, corresponding to a mean HOMA index of 4.2 ± 5.6 mmol. mU/L 2 . HbA1c was 4.9 ± 0.4%. 38.4 ± 8.8 g of glucose were administered into the drip chamber of the venous blood line within 1.9 ± 0.4 min. Online clearance K OCM determined by the dialysis machine was 223.2 ± 24.4 mL/min. Extracorporeal insulin clearance K i was determined as 62.6 ± 26.8 mL/min in a subset of 12 studies. All tests were completed without complications and without changes in mean arterial pressures and heart rates.
Following the infusion at t = 0 min, arterial glucose and insulin concentrations markedly increased above baseline and returned to high normal values within the observation phase of 60 min (Figure 1 ). Concentrations as well as areas under the curve (A I , A G ) were more variable for insulin than for glucose (Table 3) leading to a marked dispersion of the insulinogenic index (I G = 5.35 ± 4.40 U/mol). To some degree, this dispersion was related to the differences in body mass and body mass index in the patients studied (Table 4) . Paired insulin and glucose concentrations measured in the same study showed strong linear relationships (Figure 2 ). These relationships were characterized by slopes k IG which were reproducible within patients but largely different between patients (0.5-19.5 U/mol) ( Figure 3 , Table  3 ). These slopes k IG were significantly correlated and showed moderate concordance with the insulinogenic index I G (r = 0.96, P < 0.0001, ρ c = 0.94, Table 4, Figure 4) . Sub- stantial concordance was found between k 10 and the insulinogenic index I G (r = 0.98, P < 0.0001, ρ c = 0.97) as well as between k 10 and k IG (r = 0.99, P < 0.0001, ρ c = 0.99) (Table 4, Figure 4 ). Most importantly, none of these three measures (I G , k IG , k 10 ) correlated with the procedure of haemodialysis as characterized by online clearance (K OCM ) or extracorporeal insulin clearance (K I ) ( Table 4) .
Discussion
This study describes the response of arterial insulin in eight non-diabetic patients during haemodialysis following the delivery of a bolus of glucose through the extracorporeal system. The characteristic response measured within 10 min of glucose administration was not different from the insulinogenic index measured over the course of 1 h of continuing haemodialysis. It was therefore concluded that the insulinogenic index was independent of extracorporeal clearance and could be measured from two blood samples, the first drawn from the arterial blood line at baseline and the second taken 10 min after the infusion of glucose.
The insulin response to a glucose load has been studied before and after haemodialysis [15, 16] , but to our knowledge, this is the first study done during haemodialysis. Interestingly, in spite of a higher glucose load of 0.5 g/kg, the area under the glucose curve A G of 0.315 ± 0.099 mol/L. min (Table 3) found in our study was not much higher than that measured before (0.233 ± 0.017 mol/L.min) or after haemodialysis (0.311 ± 0.028 mol/L.min) using a reduced load of 0.33 g glucose per kilogram body mass [15] . Failure of the larger glucose load to produce a larger area under the curve during haemodialysis can be explained by extracorporeal clearance of glucose. In a companion study, it was found that ∼40 ± 10% of a glucose bolus administered during haemodialysis was eliminated extracorporeally [17] . Thus, of the 0.5 g/kg administered during haemodialysis, only 0.3 g/kg are effectively absorbed by the patient, so that the load used in this study is comparable to that of a reduced load reported previously [15, 16] .
The insulin area under the curve A I was 1.82 ± 1.87 U/ L.min (Table 3) and not different from that measured before (1.53 ± 0.24 U/L.min) or after haemodialysis (1.83 ± 0.38 mol/L.min) reported by Ferrannini et al. [15] for ten patients and comparable to that reported by Allegra et al. 2 ) of the earlier study [15] . During haemodialysis, there is a substantial extracorporeal clearance both of glucose and insulin. Clearance of glucose is ∼60% of effective urea clearance as measured by an online clearance technique [17, 18] . Clearance of insulin was 62.6 ± 26.8 mL/min and ∼30% of effective urea clearance ( Table 2 ). The direct effects of extracorporeal clearance can be expected to lower the concentration as well as the area under the curve of both glucose and insulin in arterial blood. However, since glucose and insulin concentrations are not independent of each other, the changes induced by extracorporeal clearance are likely blunted because of mutual negative feedback control. A more detailed analysis of the effects of extracorporeal clearance on glucose and insulin concentrations requires kinetic modelling of the glucose-insulin system, but this is beyond the scope of this study.
The insulinogenic index I G determined in this study was 5.3 ± 4.4 U/mol (Table 3) and not different from that measured before (6.55 ± 0.92 U/mol) or after haemodialysis (6.17 ± 1.54 U/mol) and reported by Ferrannini et al. [15] . Unsurprisingly, an equivalent behaviour was observed for the slope of the insulin to glucose relationship k IG , as both insulinogenic index I G and k IG measure the insulin response normalized for the glucose stimulus. The linear relationship between insulin and glucose was not affected by dialysis. k IG was 6.06 ± 5.04 U/mol (Table 3) and not different from that measured before (5.94 ± 1.08 U/mol) or after haemodialysis (8.42 ± 2.88 U/mol) reported elsewhere [15] . The insulinogenic index I G measured in this study was also comparable to that determined in 10 uraemic patients (7.54 ± 0.69 vs. 8.60 ± 0.72 U/mol) using two different glucose loads (0.33 vs. 0.5 g/kg) [16] .
The linear relationship between insulin and glucose concentrations ( Figure 2 ) refers to a proportional time course of glucose and insulin traces, c G (t), and c I (t), respectively. Integration of the relationship c I (t) = k IG *c G (t) yields A I = k IG *A G , and further A I /A G = k IG , which finally confirms the identity of I G = k IG observed in Figure 4 .
There was substantial concordance (ρ c > 0.95) for the change in insulin relative to the change in glucose measured at t = 10 min (k 10 ) and the insulinogenic index (I G ) as well as the slope of the insulin to glucose relationship for the duration of the whole observation phase of 60 min (k IG ) ( Figure 4 , Table 4 ). Moreover, none of the parameters I G , k IG and k 10 were related to extracorporeal clearance. These results indicate that the insulin to glucose relationship was independent of technical aspects of ongoing haemodialysis. As there was no difference between k 10 and k IG , the procedure to characterize the insulin response to a glucose stimulus during haemodialysis could be simplified by measuring glucose and insulin concentrations in two blood samples only, at baseline and 10 min after administration of a standardized glucose load. This also decreases the costs for sample analysis.
The insulinogenic index, the ratio of the change in insulin to the change in glucose concentrations following a glucose load, has been proposed as a surrogate indicator of impaired insulin secretion and of the metabolic consequences of diabetes [19] . The focus on a small number of non-diabetic dialysis patients for the purpose of analysing the possible effects of haemodialysis on glucose and insulin levels is a limitation of this study from the clinical point of view. We can only speculate that the approach described in this manuscript is likely to identify impaired insulin secretion in dialysis patients with onset of diabetes. This, however, remains to be tested. Furthermore, patients were studied during dialysis, and pre-and/or post-dialysis control measurements were omitted for the sake of patient comfort and compliance. This could be considered as an-other limitation of the study. Finally, a limitation relates to the level of glucose used in the dialysate. Dialysate glucose is 5.5 mmol/L in most dialysis units but may vary from 0 to 11 mmol/L [10] which is likely to affect baseline glucose and insulin concentrations.
One of the difficulties encountered in our study referred to achieving a defined fasting state as can be seen from the range of pre-dialysis glucose, insulin and HOMA levels ( Table 2 ). All patients, however, were non-diabetic as shown by the level of glycated haemoglobin (Table 2) . Interestingly, the relationships obtained in this study were only marginally affected by limited patient compliance (the outliers in Figure 3) , probably because 30 min of haemodialysis with dialysate glucose of 5.5 mmol/L preceding the test helped to restore baseline conditions in non-compliant patients. Also, with regard to improving the detection of impaired insulin secretion in everyday practice, it appears acceptable to allow for suboptimal testing conditions for an initial screen [20] .
Impaired glucose tolerance in type 2 diabetes is determined by a reduced sensitivity to insulin of target organs producing and utilizing glucose, such as liver, adipose tissue and muscle. In the pre-diabetic state, reduced insulin sensitivity is compensated by hypersecretion of insulin by the pancreas, but a progressive deterioration of β-cell function reduces the ability to control blood glucose levels and finally leads to the diabetic state due to relative insulin insufficiency [21] . The first choice therapy for type 2 diabetes is based on insulin sensitizer drugs such as biguanides and glitazones that reduce hepatic glucose production and increase insulin-stimulated glucose uptake in peripheral tissues. Second choice drugs are insulin secretagogues such as sulfonylureas that directly stimulate insulin secretion by the β-cells. Direct administration of the insulin hormone is considered only as a last resort, if β-cell function is too impaired and considered insufficient to support the other therapies. The possibility of monitoring β-cell function during haemodialysis may therefore help with the timely diagnosis and management of pre-diabetes [22, 23] and may have a direct impact on the choice of the therapy of type 2 diabetic patients, in particular in regard to insulin administration.
In summary, a standardized glucose load administered during haemodialysis elicits an insulin response comparable to that observed in previous studies, whether applied before or after haemodialysis. While extracorporeal clearance affects glucose and insulin concentrations during haemodialysis, the relationship between insulin and glucose measured as insulinogenic index I G , as slope k IG or as slope k 10 appears to be unaffected by haemodialysis. This is in line with the observation that glucose tolerance is not acutely improved or changed by a single dialysis [15] . Notably, the insulin response can be obtained from two arterial blood samples measured at baseline and 10 min after administration of a standardized glucose stimulus. Thus, the haemodialysis setting provides a suitable environment not only to deliver glucose but also to measure glucose and insulin concentrations using the extracorporeal circulation.
This opens up a new approach for metabolic studies in a population at high risk for metabolic disorders. Such measurements could be helpful to better characterize haemodialysis patients with regard to their glucose metabolism while they are dialysed.
